1 Viscoelastic properties of amine-cured epoxytitania composites were investigated. The composites were synthesized by the sol-gel method and analysis of their physico-mechanical properties indicated that higher TiO 2 content causes the decrease in glass transition temperature of the composites. Non-linear change of crosslink density with a filler content was observed.
Introduction
Epoxy-inorganic composites are widely used in many branches of industry due to their high strength, thermal stability, chemical resistance, good adhesion to different substrates, etc. Variation of epoxy resin and curing method, as well as chemical nature, content and filler size allows to change significantly the resulting material structure and properties. Metal oxides are often used as fillers to improve electrical, optical, photocatalytic properties of the polymers. Recently, researchers concentrated their attention on titanium dioxide as a filler for the obtaining of optically transparent epoxy composites with a controlled refractive index [1] , high thermal stability [2] , mechanical properties [3] , etc.
Nano-and submicron particles are often formed in situ by the sol-gel method [4, 5] . Epoxy-titania nanocomposite coatings with high refractive index and optical transparency were synthesized using this approach [6] . Optically transparent amine cured epoxy-titania composites with a high scratch resistance were obtained [7] . Yu et al. [8] synthesized thin transparent films with low water absorption and high thermal stability.
It is well-known that introduction of a filler significantly affects the relaxation processes in the system. For example, non-linear change of glass transition temperature and dynamic modulus with TiO 2 content increase was observed for amine-cured epoxy micro-and nanocomposites obtained with the use of commercial fillers [9] . Such changes in the polymer chains molecular mobility often relate to a filler distribution in the polymeric matrix and interfacial interactions of polymer chains with filler particles. It is important to know the influence of sol-gel received TiO 2 particles on the relaxation properties of such composites. Thus, the objective of this work was to obtain amine-cured epoxytitania composites via the sol-gel method, and to study their structure and viscoelastic characteristics.
Experimental
The polymer samples were obtained using epoxy resin EPONEX TM Resin 1510 (EEW = 210-220 g·eq The composites were obtained by mixing TiO 2 particles' sol in the epoxy resin with the amine hardener. The titania sol was formed in situ via the sol-gel method using a hydrolytic polycondensation of tetrabuthyltitanate (TBT) complex with a glacial acetic acid (1:1.5 mole ratio). TBT was hydrolyzed in the presence of the epoxy resin using stoichiometric molar ratio H 2 O/С 4 Н 9 O. Water for the hydrolysis was added as a water-ethanol solution (84 wt % С 2 Н 5 ОН). Titania content in the system, calculated as titanium dioxide (based on the amount of TBT added), was varied from 0.5 to 3 wt %. After hightemperature thermal oxidative decomposition of the samples, the weight of the dry residue was equal to the theoretical weight of titania particles, calculated as TiO 2 .
The composites were synthesized in the next sequence: 1) formation of TBT-acetic acid complex (30 min) and mixing it with the epoxy resin; 2) combining the received mixture with water-ethanol solution to obtain TiO 2 sol (1 h at ambient temperature) and evacuation of the system (~ 4 h, 1 kPa, temperature in vacuum chamber gradually increased up to 343 K; the removal of the volatiles was monitored by weighing the mixture until constant weight was achieved); 3) addition of the curing agent and curing of the composite. The composites were cured under conditions like that used to obtain the epoxy polymer. The samples were prepared as films of thickness 0.2 mm and cylindrical blocks 10 mm in diameter and height. The obtained samples were investigated by X-ray powder diffraction (XRD) using DRON-3M diffractometer ( С uK α radiation, Ni-filter).The XRD patterns were received at room temperature in a range of 16-54° (2Θ), with a scanning rate of 2°•min -1 . The phase composition identification of the samples was performed using the Match software and data bases pdf-2 (ICDD).
Microscopic studies were performed using scanning electron microscope of the JSM-6490LV series (JEOL Ltd., Japan) at an accelerating voltage of 20 kV on chips from the block samples, sputter-coated with carbon.
Sol-fraction yield W sol (%) of the polymer and composites was calculated after extraction of lowmolecular weight products by methanol (3 days, 323 K) according to the equation: W sol = (m 0 -m)·100/m 0 , where m 0 and m are masses of the sample before and after extraction, respectively.
Viscoelastic characteristics of the epoxy polymer and composites (dynamic modulus E', storage modulus E″, loss factor tan δ) were determined by a dynamic mechanical analysis (DMA) (TA Instruments DMA Q800, USA). Measurements of film samples (60.0×4.0×0.2 mm) were carried out at 10 Hz frequency in a sinusoidal oscillation mode in the range of 323-443 K with a heating rate of 2 K·min . The glass transition temperature (T g ) was assumed as the maximum of the loss factor curve (tan δ max ).
Effective network density was characterized by the average molecular weight of an internodal segment. Average molecular weight between two adjacent crosslinking points of the polymeric network M c was calculated using the empirical Nielsen formula [10] for highly crosslinked polymers: lgG ≈ 6 + 293ρ/M c . Shear modulus G was calculated by the equation:
where E e -elastic modulus, n -Poisson's ratio (n was taken to be 0.5). The E е value was determined from E'(T) dependence in the rubbery region at Т g + 50 K. The density of the samples ρ was determined by the hydrostatic weighing method using Shimadzu AX200 balances, according to the equation: ρ = m 1 ·ρ 2 /(m 1 -m 2 ), where m 1 and m 2 are the weights of the sample in air and water, respectively; ρ 2 -the density of water.
Results and Discussion
Depending on the composites synthesis conditions amorphous or crystalline phases of TiO 2 could be obtained in the process of titanium alkoxides hydrolytic polycondensation. X-ray diffraction measurements of the synthesized composites were performed to establish the phase structure of the samples (Fig. 2) . It was shown that XRD-analysis curves of polymer and composites were almost identical. XRD-pattern of the composite with 3 wt % filler content had no peaks of any crystalline phases of TiO 2 , indicating the formation of an amorphous phase of the filler in the composites.
Titania particles size and their distribution in the polymeric matrix of the composites were evaluated by a scanning electron microscopy. Fig. 3 demonstrates TiO 2 particles with the size of less than 0.5 microns randomly distributed in the polymer for the sample with 1 wt % of the filler. Table 1 The dynamic mechanical analysis results, density, effective network density and sol-fraction yield of the composites As it was demonstrated by small-angle X-ray scattering (SAXS) [11] in contrast to the pure epoxy polymer, the profiles of the synthesized composites with 0.5-1.5 wt % TiO 2 content exhibited a wide scattering peak. This might be caused by the short-range periodicity of the titaniarich domains with the distance between the scattering centers of ~5-6 nm. The SAXS profile for the composite with 3 wt % filler content had the linear region with the slope 1.85, with no diffraction maximum. Mass fractal objects with the dimension 1.85 were formed during the synthesis procedure. The size of fractals was more than 250 nm. Thus, with the filler content increase the structure of the composites changed from systems with definite ordering of the titania particles to the formation of submicron-sized branched aggregates. Such changes could significantly influence the characteristics of the received samples.
Inorganic filler incorporation may considerably affect the polymer structure and properties. Polymer/filler interactions lead to the changes of polymeric chains molecular motion in the interfacial layer that may influence the T g values of the composites and the relaxation processes rate in the T g region.
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The tan δ of the unmodified epoxy polymer and composites with 0.5-3 wt % TiO 2 are plotted as a function of the temperature in Fig. 4 . For all the curves one maximum is observed corresponding to α-relaxation transition. The tan δ(T) dependence analysis of the received samples revealed that tan δ max was shifted to lower temperatures with the filler content increase, i.e. plasticization of the epoxy matrix occurred. Glass transition temperature and maximum value of tan δ are listed in Table 1 .
Decrease of glass transition temperature in the solgel derived nanocomposites was reported in [12] [13] [14] . Lowering of T g values in such systems was explained by the shift of epoxy/hardener ratio due to a selective adsorption of one of the matrix forming components [13] . Rubab et al. [15] reported non-linear change of T g for amine-cured epoxy-titania composites with the filler content increase. Firstly, growth of glass transition temperature due to immobilization of polymeric chains at the interphase layer was observed. Further reduction of T g was explained by the polymeric chains packing disruption in the presence of high filler content. Such effect was also observed by Dorigato et al. [16] for epoxy-zirconia nanocomposites. The occurrence of concomitant reduction of T g values and reinforcement of epoxy matrix by the siloxane domains within the rubbery plateau regions was shown by Piscitelli et al. [17] . The authors explained the plasticization effect with chemical interactions between the amine hardener and pre-hydrolyzed alkoxide that led to the appearance of linear flexible epoxy-siloxane sequences in the structure of the hybrid network.
For the synthesized epoxy-titania composites the T g values decrease with the filler content increase may be caused by possible non-complete removal of butanol (the TBT hydrolysis product), which may adsorb on the titania surface, and its plasticizing effect, as well as the possibility of the amine hardener selective adsorption on the high-energy filler surface [18] . In the latter case, nonreacted epoxy resin acts as a plasticizer, which leads to the polymeric network topology disruption compared to the pure epoxy polymer. This is confirmed by a sol-fraction yield (W sol ) increase for the composites with the filler content (see Table 1 ). Formation of linear flexible Ti-OTi sequences in the structure of the composite network may also contribute to the observed decrease of glass transition temperature of the composites, similarly to siloxane chains formation as it was shown in [17] . Fig. 4 also demonstrates the broadening of the tan δ peak half-width with the increase of the filler content in the composites. This suggests the growth of the inhomogeneity in the molecular weight of a polymeric network segment which is responsible for the α-relaxation transition. At the same time, the tan δ max values have a tendency to decrease. It is known that the tan δ peak intensity represents the polymeric segment motion extent. Thus, the presence of a titania phase causes the restriction of the polymeric chains motion.
The Е″(Т) dependence is similar to that of the loss factor: the peaks are shifted to lower temperatures. The peak intensity demonstrates no change with titania content except for the composite with 3 wt % of the filler (Fig. 5 , Table 1 ).
The analysis of the dynamic modulus temperature dependence indicates that in the glassy region E′ values of the composites are higher than those of the epoxy polymer (Fig. 6, Table 1 ). Such effect for polymer-titania composites was reported by Xiong et al. [19] . Usually growth of modulus in the temperature range below T g is a result of more intensive intermolecular interactions, including the polymer/filler interphase. It should be noted that a non-linear change of the elastic modulus and the effective network density is observed with the titania content increase. The calculated values of the molecular weight between two cross-linking points (М с ) are reported in Table 1 . The network density of the composites decreases with respect to the pure epoxy polymer. At filler content of 0.5-1 wt % two-fold increase of М с is observed. Further titania concentration increase results in the decrease of the network density up to the level of the unfilled polymer. Such effect may be caused by the interphase interactions changes between the system components with the filler content variation. As a result, with the increase of filler concentration not only polymer/filler but also filler/filler interactions could be observed, and relative increase of the effective network density of the composites occurs.
Conclusions
Sol-gel method was used to synthesize aminecured epoxy-titania composites with the filler content 0.5-3 wt %. It was shown that the obtained titanium dioxide was amorphous. SEM results demonstrate that primary titania nanoparticles have formed submicron-sized aggregates, that were randomly distributed in the polymeric matrix. The DMA results indicated that increasing the filler content decreases the glass transition temperature of the epoxy composites, i. e. plasticization effect was observed. The increase of the filler content in the composites resulted in a non-linear change of dynamic modulus and the effective network density.
